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Abstract
During the last decade it has become clear that colour vision in platyrrhines (New World monkeys) differs from the uniform
trichromatic pattern normally found in catarrhines (Old World monkeys, apes and human). Colour vision in most platyrrhine
species is polymorphic, with many dichromatic individuals. The comparison of response properties in retinal ganglion cells and
lateral geniculate cells between catarrhines and platyrrhines elucidates how the evolution of trichromatic colour vision influenced
the post-receptoral processing. We find that spatial and temporal processing is very similar in the platyrrhine and catarrhine
retina, strongly suggesting that the retinal structure and function, found in living anthropoids, was already present in their
common ancestor. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
It was recognised about 15 years ago that many New
World monkeys have colour vision different from that
of Old World monkeys [1,2]. The differences have a
genetic origin. In the polymorphic platyrrhine species,
the X-chromosome has only one gene coding for a cone
photopigment. This gene has three different alleles. As
a result the males and the homozygotic females are
dichromats, whereas the heterozygotic females are
trichromats [1,3,4].
Shapley and Perry [5] proposed that the parvocellular
(P-) system of simian primates (the anthropoids) devel-
oped as an adaptation to trichromatic colour vision. If
this were true, one might expect that the retinal wiring
might be different between Old and New World mon-
keys, especially in the P-system. However, so far only
minor anatomical differences between catarrhine and
platyrrhine retinae have been found [6–11].
A comparison of the physiological properties of reti-
nal ganglion cells and cells in the lateral geniculate
nucleus (LGN) can provide additional information on
the retinal processes in catarrhines and platyrrhines. In
the present paper, we compare temporal and spatial
properties of macaque retinal ganglion cells and of cells
in the LGN of dichromatic marmosets. We have used
similar stimuli in the two species to measure these
properties.
2. Methods
More detailed information on the surgery has been
published elsewhere [12,13]. Briefly, the animals were
sedated by an initial injection of Ketanest® (15–30
mg:kg). After tracheotomy, the animals were artificially
respired with a 70% N2O:30% O2 mixture, with either
enflurane or isoflurane as anaesthetics. The depth of
anaesthesia and the overall state of the animal were
monitored continuously using the EEG, the ECG and
the end-tidal P-CO2. For both retinal and LGN record-
ings tungsten in glass micro-electrodes were used. Reti-
nal recordings were performed in macaques (Macaca
fascicularis). In marmosets (Callithrix jacchus) we
recorded from the LGN.
The stimuli were presented using a computer con-
trolled BARCO monitor (100 Hz frame rate) with a
VSG 2:2 graphics card [13,14] in the marmoset experi-
ments and an LED stimulator in the macaque experi-
ments [15].
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Fig. 1. Responses (defined as the fundamental component obtained from the Fourier analysis) of an off-centre M-cell in the LGN of a dichromatic
marmoset (upper panels) and an on-centre macaque retinal ganglion cell (lower panels) to sinusoidal luminance modulation. The mean retinal
illuminance was 615 td in the marmoset experiment and 2000 td in the macaque experiment. The response amplitudes are displayed as a function
of temporal frequency for several contrasts (left panels) and as a function of contrast at four different temporal frequencies (middle panels).
Through the response amplitude versus contrast data Naka-Rushton functions are fitted (R(C)R(0) (Rm ·b:(Cb)); where C is contrast, R
is the response amplitude, R(0) is the maintained firing rate, Rm is the maximal response and b is the contrast for a half maximal response).
Response phases are given as a function of contrast (right panels). Both M-cells show response saturation and the response phase decreases with
decreasing contrast, indicative of a contrast gain control mechanism. However the macaque retinal ganglion cell responds up to higher frequencies
than the marmoset LGN cell.
To measure temporal response properties, we used
sinusoidal luminance modulation at several temporal
frequencies. At each temporal frequency, responses
were measured at several different contrasts. With the
monitor, a pure sine-wave is not possible at the higher
temporal frequencies, and higher harmonics are intro-
duced. These higher harmonics might increase the re-
sponses. To obtain an estimate of how these higher
harmonics influenced our data we measured psycho-
physical thresholds in human observers, using the two
stimulators. The sensitivities were very similar at tem-
poral frequencies below about 20 Hz. At higher tempo-
ral frequencies the subjects were slightly (up to a factor
of 1.5) more sensitive for the stimuli presented on the
monitor.
Receptive field centre sizes were measured using a
bipartite field stimulus, in which the two halves of the
fields were modulated in counterphase [13,16]. The edge
between the two halves was positioned at different
locations within the receptive field.
3. Results
3.1. Temporal properties
Fig. 1 shows the response amplitudes and phases of a
magnocellular- (M-) cell in the marmoset LGN (upper
panels) and in the macaque retina (lower panels) to
luminance modulation as a function of temporal fre-
quency. The cells shown are representative for all
macaque and marmoset M-cells encountered. The cells
share several features in the two species: they have a
band-pass frequency response (left panels), their re-
sponses saturate at high contrasts (middle panels), and
their response phases increase with increasing contrast
(right panels), indicative of a contrast gain control. A
saturating non-linearity is often linked to a contrast
gain control. Owing to these non-linearities, we often
found that linear systems predictions of responses to
square-wave modulation based on the responses to
sine-waves only described the actual responses reason-
ably well at low stimulus contrasts [17,14].
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Fig. 2. Similar data as displayed in Fig. 1 for an off-centre P-cell in the LGN of a dichromatic marmoset and an L-M P-cell in the macaque
retina. The response amplitudes are smaller than for the M-cells, shown in Fig. 1. These cells do not show as much response saturation as M-cells
and the response phase does not decrease with the decreasing contrast. Thus, marmoset and macaque P-cells are more linear than M-cells. As for
the M-cells, the macaque retinal ganglion cell responds up to higher temporal frequencies than the marmoset LGN cell.
Fig. 2 shows data for a P-cell in the marmoset LGN
(upper panels) and in the macaque retina (lower pan-
els). These cells also have similar response characteris-
tics: they are less responsive than the M-cells to
luminance modulation (left panels), they do not show
much response saturation (middle panels), and there are
no signs of a contrast gain control mechanism (right
panels).
It therefore seems that the temporal responses in the
trichromatic macaque retina and the dichromatic mar-
moset LGN are similar, although some quantitative
differences can be observed. The macaque retinal gan-
glion cell responds up to higher temporal frequencies
than the marmoset LGN cells. The optimal frequency is
also lower in marmoset LGN cells. Responses from a
few retinal ganglion cells measured in the optic tract
from the marmoset were very similar to macaque re-
sponses also at higher temporal frequencies [18]. We
therefore assume that the responses are changed at the
synaptic transmission in the LGN [14].
3.2. Spatial properties
We used a bipartite field stimulus to measure recep-
tive field dimensions of the cells. The responses to this
stimulus strongly depend on the position of the edge
within the receptive field and can be described very well
assuming that the receptive fields have difference-of-
Gaussians sensitivity profiles [13,16]. Fig. 3 displays
response amplitudes of a marmoset on-centre P-cell as a
function of the position of the edge. The drawn curve
shows the model fit. From these fits we obtained the
receptive field centre sizes expressed as the standard
deviation (s) of the centre Gaussian.
In macaques and marmosets, we observed some vari-
ability in the centre sizes at all retinal eccentricities,
which can also be found in other data in the literature
[19–26]. The data were plotted as a function of retinal
eccentricity and were fitted with an exponential func-
tion: s10(mxc) in which x represents the retinal
eccentricity. Fig. 4 shows these functions for macaque
and marmoset M- and P-cells for the eccentricities at
which we obtained sufficient cell data in both species.
In macaques and marmosets, P- and M-cells have simi-
lar centre sizes, which increase as a function of retinal
eccentricity. The macaque data were very similar to
centre sizes found in other studies on the same or
closely related species, although the slope we found was
slightly steeper ([20–24,26]). However, the centre sizes
of marmoset LGN-cells are about a factor of 1.5–3
larger than the centres of macaque retinal ganglion
cells. This difference can be explained by optical fac-
tors, since the marmoset eye is about a factor of 1.6
smaller than the macaque eye, but is otherwise very
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Fig. 3. Response amplitude of on-centre P-cell in the LGN of a dichromatic marmoset as a function of the position of the edge of the bipartite
field stimulus. Some edge positions are depicted below the plot. The fields at either side of the edge modulate in counterphase. The response is
minimal when the edge is located near the middle of the receptive field. Responses are maximal when the edge is located near the border of the
receptive field centre. For edges further out, the responses decrease until the full-field response is reached when the edge is located outside the
receptive field. The solid line shows the results of a fit based on a difference-of-Gaussians receptive field sensitivity profile. In this fit there were
six free parameters: the size, the overall response amplitude, and the location of the centre and the surround of the receptive field, respectively.
The parameters are given in the plot.
similar [27]. These data therefore indicate that neuronal
spatial processing is very similar in macaques and
marmosets.
4. Discussion
The presented data indicate that retinal temporal and
spatial processing is very similar in trichromatic
catarrhines and dichromatic platyrrhines. Retinal gan-
glion cells in the platyrrhine capuchin monkey also
have very similar temporal properties to macaque reti-
nal ganglion cells [28]. We also found that the chro-
matic processing in trichromatic marmosets and
macaques was very similar [18]. Thus, all physiological
and anatomical data strongly indicate that the retinal
wiring is nearly identical in catarrhines and platyrrhi-
nes. It is not very likely that this is the result of parallel
evolution, so that this retinal wiring may already have
been present in the first anthropoids. Nothing is known
about colour vision in these animals. If the common
ancestor was a dichromat, then the P-system was origi-
nally not an adaptation to colour vision. None of the
non-anthropoid primates are trichromats and most
probably neither were their ancestors. They have a
laminated lateral geniculate nucleus with parvo- and
magnocellular layers, the cells of which have more
sustained and transient responses, respectively [29,30].
But anatomical and physiological data are sparse [25],
so that a more detailed comparison with anthropoids is
not yet possible.
On the other hand, it has been argued that the one
cone—one midget bipolar cell—one midget ganglion
cell connection in the foveal P-pathway does not im-
prove spatial resolution owing to the limits set by the
optics. Thus, the only functional advantage of this
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Fig. 4. Centre sizes of marmoset and macaque M- and P-cells as a
function of retinal eccentricities. The lines are fits through measured
data points [13,16] using the function with the expression: s10(mxc)
in which s is the S.D. of the centre Gaussian in min of arc and x is
the retinal eccentricity in degrees. The centre sizes of the marmoset
cells are a factor 1.5–3 larger than the macaque cells, which is caused
by the smaller eye size of the marmoset. The slopes of the lines seem
to differ somewhat between the marmoset and the macaque data.
Macaque centre sizes described in the literature reveal slopes very
similar to those found in the marmosets. Otherwise, the functions
look very similar, indicating that there are no or minor neural
differences which influence spatial processing.
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